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Introduction 


This  contract  is  a continuation  of  Contract  No.  DAHC 
1 5-72-C-0274  entitled  "Damage  Profiles  In  Silicon  and  their 
Impact  on  Device  Reliability".  Results  of  the  previous  con- 
tract are  published  in  Technical  Reports  numbered  1-7. 
The  Tables  of  Contents  of  these  reports  are  given  in  the 
appendix. 

Research  to  be  performed  under  the  new  contract  which 
started  October  15,  1976  is  outlined  in  the  Research  Plan. 
The  work  under  the  new  contract  is  essentially  a 
continuation  of  the  original  work  (silicon)  and  also  an 
application  of  this  work  to  other  materials  (damage 
gettering  in  GaAs) . 

The  following  Technical  Report  No.  1 summarizes  work  that 
was  started  under  the  preceding  contract.  It  is  self- 
contained  and  therefore  published  as  a separate  technical 
report.  The  other  work  performed  during  the  time  period 
October,  1976  to  March,  1977  relates  to  equipment  design  and 
building  [Impact  Sound  Stressing  (ISS)]  and  to  damage 
studies  ir  GaAs  after  ISS.  This  work  is  being  reported 
separately  in  quarterly  reports  and  will  be  summarized  in 
the  forthcoming  Technical  Report  No.  2. 
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RESEARCH  PROGRAM  PLAN 

1.  Study  point  defects  in  silicon  and  GaAs  crystals,  their 
generation  and  reactions  during  wafer  processing  and 
their  interactions  with  damage  profiles  introduced  by: 

a.  Impact  Sound  Stressing 

b.  Ion  Implantation 

c.  Diffusion 

2.  Produce  damage  profiles  in  silicon  wafers  through  ion 
implantation  techniques  and  study  their  influence  on 
minority  carrier  lifetime  before  and  after  annealing. 

3.  Determine  the  influence  of  studies  listed  under  (1'  and 
(2)  for  Czochralski  and  Float  Zone  silicon  crystals. 

4.  Study  epitaxial  layer  perfection  of  silicon  deposited 
on  ion  implanted  silicon  surfaces  in  the  presence 
and/or  absence  of  Impact  Sound  Stressed  wafer 
backsides. 

5.  Study  minority  carrier  lifetime  in  epitaxial  layers 
produced  as  listed  under  (4) . 
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6.  Use  advanced  modern  analytical  characterization 


techniques  for  the  studies  listed  under  (1)  to  (5)  such 
\ as  Transmission  Electron  Microscopy,  Scanning  Electron 
Microscopy,  X-ray  Topography,  Precision  Lattice 
Parameter  Measurements  and  Lifetime  Measurements. 

7.  Develop  new  characterization  techniques  as  needed. 

8 . Correlate  damage  measurements  with  electrical 
measurements  whenever  possible  (relate  damage  profile 
to  junction  quality) . 
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ABSTRACT 


It  is  shown  that  the  minority  carrier  lifetime  r in  silicon  can 
be  reduced  effectively  by  doping  with  cesium.  A lifetime  value 
of  2.2  x 10”^ ^seconds  can  be  achieved  by  implantation  of  10^cs+ 
/cm^at  200  keV  and  subsequent  anneal  in  nitrogen  followed  by  an 
oxidation  of  47  minutes  at  1000°C.  The  reduction  of  r in  silicon 
is  caused  by  the  cesium  distribution  which  is  stable  at  this 
temperature.  In  comparison  to  gold  the  efficiency  of  the  cesium 
recombination  center  is  about  6%.  Due  to  its  low  diffusion  rate 
at  high  temperature  cesium  is  proposed  as  a useful  alternative 
for  device  applications  which  require  gold  as  a dopant. 


*Sponsored  under  ARPA  Contract  No.  00173-76-60303 
New  address:  1)  Institute  for  Applied  Solid  State 

Physics,  Freiburg 
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MINORITY  CARRIER  LIFETIME  AND  DEFECT  STRUCTURE 

IN  SILICON  AFTER  CESIUM  IMPLANTATION 

by 

G.  Sixt,  H.  Kappert  and  G.  H.  Schwuttke 
INTRODUCTION 

In  an  indirect  bandgap  semiconductor  such  as  silicon,  the 
recombination  of  excess  minority  carriers  is  known  to 
occur  through  recombination  centers  which  result  from 
chemical  impurities  and/or  crystal  imperfections.  This 
effect  has  practical  merit  for  device  application  whenever 
minority  carrier  lifetime  must  be  limited,  such  as  in  high 
speed  switching  devices. 

Gold  has  the  ability  to  provide  recombination  centers  in 
silicon  and  is  widely  used  in  semiconductor  devices  to 
control  the  base  minority  carrier  lifetime,  and  thus  the 
device  switching  speed1*. 

Gold  doping  of  semiconductor  devices  requires  a high  temp- 
erature diffusion  process.  The  gold  is  normally  deposited 
as  a layer  on  cne  face  of  the  wafer  involved  before  diffu- 
sion. Due  to  ;he  high  diffusion  rate  of  gold  in  silicon, 
this  process  .ng  step  must  be  the  last  one  of  all  high  temp- 
erature steps  to  be  performed. 
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In  spite  of  the  importance  of  lifetime  control  in  silicon 
for  certain  device  applications,  no  alternative  is  avail- 
able for  gold  doping.  This  paper  describes  the  use  of 
cesium  as  a dopant  in  silicon  to  achieve  controlled  reduc- 
tion of  minority  carrier  lifetime.  Cesium  has  a donor 
level  at  midgap  2)  and  has  the  advantage  of  being  a slow 
diffuser  in  silicon  3). 

In  this  study,  first  cesium  is  introduced  into  silicon 
through  high  energy  ion  implantation.  Thus,  a controlled 
amount  of  dopant  is  introduced  selectively  at  room  temper- 
ature in  certain  wafer  areas.  Subsequently,  ion  damage  in 
the  silicon  is  reduced  through  high  temperature  annealing. 
Finally,  the  residual  damage  structure  in  silicon,  the 
cesium  distribution  in  the  silicon-silicondioxide  double 
layer,  the  cesium  dopant  concentration  in  silicon,  and  the 
minority  carrier  lifetime  changes  in  silicon  due  to  Cs+ 
implantation  are  determined  through  transmission  electron 
microscopy  (TEM) , secondary  ion  mass  spectrometry  (SIMS) , 
and  MOS  C-t  measurements4*. 

EXPERIMENTAL 
Sample  Preparation: 

Czochralski-grown  n-type  silicon  wafers  of  1.2-2  flcm.  re- 
sistivity, (100)  orientation,  and  2.25  inch  diameter  are 
chemically  cleaned.  Selected  areas  of  the  wafers  are  im- 
planted with  cesium  ions.  The  implanted  area  is  a square 
in  the  center  of  the  wafer  of  about  2.7  cm  sidelength. 
Samples  designated  A,  B,  and  C are  implanted,  respective- 


S 


ly,  with  10”,  1014,  and  10”  cesium  ions  per  square  centime- 
ter at  acceleration  voltages  of  200  keV.  After  implanta- 
tion the  wafers  are  chemically  cleaned  and  annealed  in 
nitrogen  at  1000°C  for  30  minutes.  Subsequently,  the  waf- 
ers are  oxidized  in  the  same  furnace  tube.  The  oxide  layer 
is  grown  at  1000°C  in  dry  oxygen  for  10  minutes,  in  wet 
oxygen  plus  2 % HC1  for  seven  minutes,  and  post  annealed  in 
nitrogen  for  30  minutes  at  the  same  temperature. 

After  removal  of  the  oxide  layer  on  the  backside  of  the 
wafers  MOS  capacitors  are  formed  on  the  implanted  and  on 
the  unimplanted  parts  of  the  wafer.  Aluminum  dots  of  0.5  mm 
diameter  are  evaporated  on  the  front  side  and  aluminum 
metal  contacts  are  made  to  the  backside.  A final  sintering 
step  for  good  ohmic  contact  is  performed  in  forming  gas  at 
400°C  for  30  minutes. 

The  thickness  of  the  oxide  layer  is  determined  by  ellip- 
someter  measurements. 

For  TEM  investigations  specimens  of  3 mm  diameter  are  cut 
ultrasonically  from  the  implanted  and  unimplanted  parts  of 
the  wafers.  Aluminum  dots  and  oxide  layers  are  removed  by 
etching  in  hot  H3PO4  and  HF,  respectively.  Subsequently, 
the  specimens  are  thinned  to  a thickness  of  about  1000R  by 
a standard  jet-etch  technique. 

For  SIMS  measurements,  square  specimens  of  9 mm  * 9 mm  are 
cut  from  the  implanted  parts  of  the  wafers  with  a diamond 
saw.  Only  the  aluminum  dots  located  on  the  oxide  are  chem- 
ically removed. 
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Electrical  Measurements: 
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The  minority  carrier  lifetime  in  the  silicon  is  determined 
from  the  transient  response  of  the  MOS  capacitors  4).  To 
avoid  surface-state  charging  effects,  the  MOS  capacitors 
are  initially  biased  into  heavy  inversion.  Subsequently, 
a depleting  negative  voltage  step  is  applied  to  the  MOS 
capacitors.  The  relaxation  of  the  MOS  capacitance  with 
time  is  monitored.  For  transient  response  times  of  1 msec 
to  1 sec  an  oscilloscope  is  used,  while  for  times  longer  than 
1 sec  the  capacitance  versus  time  C(t)  curve  is  plotted  on 
a X-t  recorder.  The  measurement  setup  used  and  the  comput- 
er program  for  lifetime  data  as  obtained  from  the  C(t) 
curves  are  described  in  referenced. 

High  frequency  capacitance-voltage  curves  are  measured  at 

1 MHz.  From  these  curves  flatband  voltages  Vfb  and  doping 
densities  No  are  determined  using  the  computer  calcula- 
tions of  Goetzberger5). 

SIMS  and  TEM  Measurements  : 

The  apparatus  used  for  the  SIMS  studies  of  the  Si02~Si 
layers  is  referred  to  as  Ion-Beam  Surface  Mass  Analyzer 
(ISMA)  manufactured  by  Commonwealth  Scientific  Corpora- 
tion. Primary  argon  ions  with  energies  of  4.5  kV  are  di- 
rected onto  the  surface  of  the  specimens  at  an  angle  of, 
incidence  of  45  degrees.  Sputtered  secondary  ions  are 
collected  by  a four-lens  ion  optic  and  analyzed  in  a UTI 
quadrupole  mass  analyzer.  The  argon  pressure  in  the  vacu- 
um chamber  is  3 x 104  torr  at  a residual  gas  pressure  of 

2 - 3 x 10-7  torr. 
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electron  microscope  are  used,  operated  at  a voltage  of  100 
kV.  Both  microscopes  are  equipped  with  a 60  degree  double 
tilt  goniometer  stage  for  tilt  experiments.  Established 
contrast  theories  are  used  to  analyze  and  identify  residu- 
al lattice  defects6-10). 


RESULTS 
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The  effect  of  cesium  implantation  on  the  electrical  prop- 
erties of  n-type  silicon  is  shown  in  Figures  la  and  1b. 

The  results  are  obtained  on  a wafer  implanted  with  200  kV 
cesium  ions  to  a dose  of  1013Cs+/cm2.  In  Figure  la,  the 
distribution  of  minority  carrier  lifetime  r in  microse- 
conds is  plotted  over  the  wafer  area,  and  in  Figure  1b  the 
dopant  concentration  No  is  plotted  over  the  wafer  area. 

The  implantation  boundary  is  marked  by  a dotted  line;  the 
implanted  area  is  inside  this  line.  It  can  be  seen  that 
the  minority  carrier  lifetime  decreases  from  an  average 
value  of  21  jisec  measured  in  the  unimplanted  area  to  a 
value  of  2.2  x i(H  /»sec  measured  in  the  implanted  part  of 
the  wafer.  The  distribution  of  lifetime  in  the  implanted 
area  is  quite  uniform,  with  the  exception  of  a small  stripe 
along  the  implantation  boundary  where  the  implantation  is 
not  uniform.  The  distribution  of  the  dopant  concentration 
Nd  (Figure  1b)  shows  an  increase  of  the  donor  concentra- 
tion from  4-5*  1015cnr3  in  the  unimplanted  part  to  a maximum 
concentration  of  1.6  * 10,7cm-3  in  the  cesium  implanted 
area. 
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Fig.  1 a 


Distribution  of  minority  carrier  lifetime  r in 
/isec  over  a partially  implanted  silicon  wafer. 
The  cesium  implanted  area  is  within  the  dotted 
line.  Implantation:  1 * 10,3Cs+/cm2  at  200  keV. 
Average  values  for  the  lifetime: 


r = 2.2  * 10-4  /»sec, 


=21  n sec 


Fig.  1 b 
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Distribution  of  donor  doping  density  N x 
10,5cm-3  over  a partially  implanted  silicon  waf 
er.  The  cesium  implanted  area  is  within  the 
dotted  line.  Implantation:  1 x 10,3Cs+/cm2  at 
200  keV.  Average  values  for  the  donor  doping 
density. 

N_  , . = 1.3  * 1017  cm*3 
nd  mm  = 4 6 x 10,5  cm.3i 
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Electrical  measurements  are  also  made  on  samples  implanted 
to  a higher  cesium  dose  than  the  one  discussed  in  Figures 
la  and  1b.  The  data  measured  are  summarized  in  Table  1 . 

For  the  10,4Cs+/cm2  implanted  sample,  the  MOS  retention 
time  measured  is  limited  by  the  apparatus  to  1 msec.  This 
corresponds  to  a minority  carrier  lifetime  of  < 4 x 10-5 
Msec.  The  flatband  voltage  for  the  implanted  capacitors  as 
calculated  from  the  CV  curve  for  this  sample  is  shifted  to 
about  -10  volts  as  compared  with  -0.5  volts  flatband  volt- 
age measured  for  the  unimplanted  capacitors.  The  flatband 
voltage  observed  in  the  1 x 10,3Cs+/cm2  implanted  MOS  capa- 
citors is  also  -0.5  volts.  The  donor  concentration  in- 
creased to  3 x 1018cnr3  for  the  1014Cs+/cm2  implanted  sample. 

Table  1 


Sample 

Implantat . 

dose 

(Cs+/cm2 

Min.  carrier 

lifetime 

(usee) 

Donor  con- 
centration 

Nn  (cm-3) 

Flatband 

voltage 

Vfr  (volt) 

0 

21 

4 - 5 x 1015 

- 0.5 

A 

1 x 1013 

2.2  x 10-4 

— k 

• 

CD 

X 

O 

^4 

-0.5 

B 

1 x 1014 

<2  x 10-5 

3 x 1 0'* 

- 10 

C 

1 x 10'5 

_ 

— 

— 

For  samples  implanted  as  high  as  1C!5Cs+/cm2,  electrical 
measurements  could  not  be  evaluated.  For  such  samples, 
the  capacitance  versus  voltage  curve  obtained  was  a 
straight  line  for  voltages  up  to  the  breakdown  limit  of 
about  100-150  volts. 
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TEM  micrographs  obtained  from  cesium  implanted  specimens 
show  two  different  types  of  defects:  point  defect  clusters 
and  stacking  faults.  Point  defect  clusters  of  10-40&  di- 
ameter are  observed  in  all  cesium  implanted  samples  inves- 
tigated. Circular  stacking  faults  of  about  0.45  /im  diame- 
ter are  present  in  samples  implanted  to  a dose  of  1014 
Cs+/cm2  and  higher.  The  stacking  faults  observed  are  shown 
in  Figures  2a  and  2b.  As  determined  from  bright  and  dark 
field  micrographs,  the  faults  are  extrinsic  in  nature  and 
surrounded  by  Frank  partial  dislocations  with  a/3  (111) 
Burgers  vector.  This  type  of  stacking  fault  is  known  as  a 
circular  stacking  ‘fault  on  (111)  planes  and  nucleates  at 
small  strain  centers  in  the  bulk  of  the  crystalM).  in  our 
case  such  strain  centers  are  introduced  during  ion  implan- 
tation. In  Figures  2a  and  2b  the  stacking  faults  are  found 
to  be  truncated  at  one  side.  The  reason  for  this  is  that 
during  the  high  temperature  treatment  in  O2  - atmosphere 
both  the  stacking  fault  and  the  oxide  thickness  grow  with 
time.  After  some  time  the  Si-SiC>2  interface  reaches  the 
circular  boundary  of  the  fault  area.  Then  further  growth 
of  the  oxide  cuts  off  more  and  more  of  the  circular  stack- 
ing fault.  Finally  it  depends  on  the  oxide  thickness  how 
much  of  the  stacking  fault  is  truncated.  The  leftover  part 
of  the  stacking  fault  as  seen  in  a two-beam  TEM  micrograph 
allows  to  reconstruct  the  complete  circle  of  the  fault 
since  the  angle  between  the  (111)  fault  plane  and  the  (001) 
surface  plane  is  known.  Thus  the  depth  of  the  center  of 
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Fig.  2 a Two  beam  bright  field  transmission  electron 

micrograph  of  damage  induced  stacking  faults  in 
silicon.  Implantation:  1 * 10l4Cs+/cm2  at  200 
keV.  Nitrogen  anneal  and  wet  oxidation  at 
1000°C. 
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Fig.  2 b Same  as  Figure  2a.  Implantation:  1 x 10l5Cs+/cm2 
at  200  keV.  7 
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this  circle  in  reference  to  the  (001)  surface  of  the  TEM 
sample  can  be  calculated.  For  the  10,4Cs+/cm2  and  the 
10,5Cs+/cm2  implanted  samples  the  center  of  the  faults  are 
at  a depth  ranging  from  425  ± 300&  below  and  200  ± 30oX 
above  the  silicon  surface,  respectively,  (see  bars  in 
Figure  5)  . The  difference  in  the  result  obtained  for  both 
samples  can  be  explained  by  considering  the  initial  depth 
of  the  ion  damage  below  the  Si-surface  and  the  different 
oxide  thickness  grown  during  the  same  heat  treatment  on 
both  samples.  The  density  of  faults  increases  from  3.2  x 
108cnr3  (10,4Cs+/cm2)  to  5 x lo8cnr3  ( 10,5Cs+/cm2)  . 

The  origin  of  the  small  defects  is  investigated  by  high 
resolution  dynamic  bright  and  dark  field  techniques 
(Figures  3a  and  3b)  and  out  of  focus  series  micrographs 
(Figures  4a  and  4b)  . In  the  micrographs  of  Figures  3a  and 
3b,  the  sample  thickness  t of  the  wedge-like  crystalline 
foil  increases  from  left  to  right.  This  can  be  seen  by 
considering  the  variation  of  stacking  fault  width  in  the 
pictures  (Figures  3a  and  3b)  . These  faults  are  the  same  as 
shown  in  Figures  2a  and  2b  but  additionally  are  truncated 
at  the  other  side  by  the  jet-etch  thinning  from  the  back- 
side of  the  sample  to  the  surface.  In  this  case  the  sample 
thickness  is  so  thin  that  the  stacking  faults  intersect 
the  top  and  bottom  surface  of  the  crystal.  Taking  £ g « 75oJ? 
for  the  extinction  length  of  the  (220)  reflection  in  sili- 
con transmitted  by  100  keV  electrons,  we  find  t « 1 .25£g  on 
the  left  side  and  t at  1 .75£g  on  the  right  side  of  Figure  3a; 
while  t ar  0.25£g  on  the  lower  left  side  and  t a 0.75£g  on  the 
upper  right  side  of  Figure  3b. 


Fig.  3 a Dynamic  two  beam  bright  field  electron  micro- 
graph of  stacking  faults,  rectangular  etch 
pits,  and  a high  density  of  point  defect  clus- 
with  10-20a  size  in  an  annealed  Si  sample 
irradiated  with  10l4Cs+/cm2.  The  specimen 
thickness  t is  about  1 . 25{.  on  the  left  side  and 
1.  on  the  right  side  of  the  dark  extinction 
fringe. 


Fig.  3 b Same  as  Figure  3 a,  showing  stacking  faults  and 
point  defect  clusters  up  to  40 R in  size  in  an 
annealed  Si  sample  irradiated  with  10l5Cs+/cm2. 
Specimen  thickness  t is  about  0.25fg  on  the  lower 
left  side  and  0.75$g  on  the  upper  right  side  of 
the  micrograph. 
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Fig.  4 Defocussed  electron  micrographs  of  point  defect 
clusters  after  1 Ol5Cs+/cm 2 implantation  after  O2 
after  N2  anneal : 

a)  underfocussed  mode,  f = - 3.65  /im 

b)  overfocussed  mode,  f = + 3.65  jim 
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Cesium  profiles  in  SiC>2-Si  double  layers  as 
measured  by  SIMS , for  samples  implanted  at  200 
keV  with  three  different  cesium  doses.  Implan 
tation  before  oxidation  at  1000°C. 


Note  that  the  dots  visible  in  the  micrographs  show  no 
black-white  (BW)  contrast  because  there  is  no  strain  field 
around  them9).  The  dot  contrast  is  light  on  the  left  side 
of  a dark  fringe  and  dark  on  the  right  side  of  such  a 
fringe.  Therefore,  the  electron  intensity  within  the  dots 
is  always  the  same  just  as  it  is  found  for  the  slightly 
thinner  areas  of  the  undisturbed  crystal.  Using  structure 
factor  contrast  arguments^ and  void  contras^  calcu- 
lations8*, it  follows  that  the  defects  are  a vacancy  type 
cluster.  They  also  can  be  described  as  vacancy  rich  crys- 
tal areas. 

The  electron  micrograph  of  Figure  4a  is  taken  in  the  under- 
focussed mode  with  a defocussed  distance  f = - 3.65  jim,  and 
the  one  in  Figure  4b  is  taken  in  the  overfocussed  mode  with 
! = + 3.65  pm.  For  these  two  pictures  the  contrast  in  the 
spot  center  changes  from  light  to  dark.  This  contrast 
behavior  again  is  in  agreement  with  theoretical  calcula- 
tion for  void-like  areas  of  very  small  size9’10*. 

From  such  considerations  it  follows  that  the  defects  caus- 
ing the  small  dots  in  the  TEM  micrographs  are  void-like 
structures  and  free  of  surrounding  strain  fields. 

The  results  of  a]  1 TEM  investigations  are  summarized  in 
Table  2.  The  size  of  the  voids  seems  to  increase  with  ces- 
ium implantation  dose,  whereas  the  dose  dependence  of  the 
void  density  is  nonlinear.  Stereo  micrographs  show  that 
the  voids  are  randomly  distributed  throughout  the  depth- 
range  found  for  the  stacking  fault  nucleation  centers. 
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Table  2 
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Sample 

Implantat . 

dose 

(Cs+/cm2) 

Void  De 

Size 

(im) 

ifects 

Density 

(cm-2) 

Stacking 
Depth  JSize 

(8)  J(£) 

1 

Faults 

Density 

(cm'2) 

A 

1 x io13 

10 

~108-1010 

. 

B 

1 x io14 

10-20 

~1012 

+4251300 

0.45 

3.2  x io8 

C 

1 x io15 

10-40 

~10n 

-2001300 

0.45 

5 x 10« 

Etch  pits  which  are  observed  in  sample  No.  B (Figure  3a) 
are  located  in  the  surface. 

Since  several  authors12*13*  found  precipitation  of  implanted 
atoms  in  the  crystal,  diffraction  patterns  were  carefully 
investigated,  but  no  extra  reflection  spots  or  rings  were 
found.  This  indicates  that  noticeable  cesium  precipita- 
tion did  not  occur  in  our  samples. 


Cesium  in-depth  profiles  of  the  SiCh-Si  double  layers  are 
shown  in  Figure  5.  The  three  profiles  measured  are  for  the 
three  different  cesium  implantation  doses.  The  profiles 
shown  in  Figure  5 are  drawn  one  above  the  other  in  such  a 
way  that  the  original  silicon  surface,  which  is  shown  as 
the  vertical  dashed  line,  superimposes.  Starting  at  the 
original  surface  the  oxide  grows  outward  as  well  as  into 
the  silicon  crystal.  For  equal  oxidation  time  and  temper- 
ature the  oxide  thickness  is  found  to  increase  with  im- 
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plantation  dose.  Oxide  thickness  as  measured  by  ellipso- 
metry  varies  between  S58  and  2647S.  Both  oxide  interfaces 
are  marked  by  solid  lines.  The  location  of  the  Si02~Si 
interface  during  profiling  is  determined  from  a 30%  in- 
crease of  the  stage  current  which  is  monitored  simultane- 
ously during  sputter ing3).  This  increase  in  the  stage  cur- 
rent is  caused  by  the  increase  of  secondary  electron  emis- 
sion once  the  underlying  silicon  layer  is  reached.  From 
the  sputter  time  and  from  the  oxide  thickness  measured  by 
ellipsometry , the  sputter  rate  of  silicondioxide  is  deter- 
mined as  54 . 5^/minute . 

The  cesium  distributions  for  the  three  different  implanta- 
tion doses  show  a peak  below  or  at  the  SiC>2-Si  interface. 
With  increasing  implantation  dose  the  total  cesium  content 
in  the  Si02~Si  double  layer  (represented  by  the  area  under 
the  curves)  increases.  The  cesium  profiles  of  the 
10,3Cs+/cm2  and  of  the  10,4Cs+/cm2  implanted  samples  show  a 
cesium  peak  at  a depth  of  about  850&  below  the  original 
silicon  surface.  These  peaks  correspond  to  the  original 
implantation  peaks  in  the  silicon.  For  comparison  thf 
theoretical  implantation  profile  for  200  kV  cesium  implan- 
tation in  silicon  as  calculated  from  the  LSS  theory14*  is 
included  within  Figure  5,  and  is  drawn  as  a dashed  pointed 
line. 

For  the  highest  implantation  dose, used,  the  cesium  dis- 
tribution peak  is  located  at  the  SiC>2-Si  interface.  Due  to 
the  thicker  oxide  layer  obtained  for  this  dose,  the  peak 
has  moved  deeper  into  the  original  silicon  crystal. 
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The  cesium  profiles  obtained  in  the  oxide  layer  are  cross- 
lined  in  Figure  5.  Only  little  cesium  is  found  within  the 
oxide  for  the  10,3Cs+/cm2  implanted  sample.  For  the 
10,4CsVcm2  implantation  dose,  the  SiC>2-Si  interface  par- 
tially overlaps  the  original  implantation  peak.  For  the 
highest  implantation  dose  most  of  the  cesium  is  within  the 
oxide . 


DISCUSSION 

The  results  presented  indicate  that  cesium  implanted  into 
silicon  is  quite  effective  in  reducing  minority  carrier 

1 

lifetime.  A reduction  of  lifetime  by  a factor  of  10s  is 
achieved  for  an  implant  concentration  of  only  1013Cs+/cm2. 

In  silicon  excess  minority  carrier  recombination  is  caused 
by  chemical  impurities  as  well  as  by  structural  defects. 

The  cesium  is  introduced  into  the  silicon  through  high 
energy  (200  keV)  ion  implantation.  As  a result,  consider- 
able damage  is  introduced  into  the  silicon  lattice.  For 
example,  in  a collision  with  a silicon  atom  a 200  keV  cesi- 
um ion  deposits  sufficient  energy  to  create  complex  defect 
clusters  that,  anneal  to  vacancy  clusters,  dislocation 
loops  and  stacking  faults.  Within  such  defect  clusters 
the  single  defect  density  is  likely  to  be  higher  than  the 
density  of  the  chemical  dopant  (cesium)  in  the  matrix.  The 
cluster  nature  is  important  in  studies  of  minority  carrier 
lifetime.  Trapped  charges  on  defects  inside  a cluster 
cause  a variation  in  the  electrostatic  potential,  and  thus 
can  influence  the  recombination  of  minority  carriers  at 
these  defects.  Therefore,  it  is  not  immediately  obvious 
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if  the  drastic  decrease  in  lifetime  achieved  through  Cs+ 
implantation  is  caused  by  the  defects  created  by  the  im- 
plantation and  annealing  procedure,  or  by  the  cesium  im- 
purity or  by  both.  The  following  discussion  analyzes  the 
contribution  of  defect  density  and  dopant  concentration  on 
the  decrease  of  minority  carrier  lifetime  obtained  in 
silicon  through  200  keV  cesium  ion  implantation. 

Nucleation  and  Annealing  of  Defects: 

Before  analyzing  the  contribution  of  defects  observed 
after  Cs+  implantation  in  silicon  and  after  high  tempera- 
ture annealing  on  lifetime,  more  details  on  the  crystallo- 
graphic structure  of  the  defects  are  presented. 

Three  types  of  defects  are  found  in  Cs+  implanted  silicon: 
extrinsic  stacking  faults  bounded  by  Frank  partial  dislo- 
cations, voids,  and  dislocation  loops.  An  evaluation  of 
size  and  density  of  the  different  defects  created  requires 
a consideration  of  the  thermal  history  of  the  different 
samples  investigated.  The  samples  investigated  were  im- 
planted with  different  Cs+  concentrations;  consequently, 
different  amounts  of  lattice  damage  are  generated.  Since 
the  oxidation  rate  depends  on  the  ion  damage,  equal  oxida- 
tion cycles  lead  to  different  oxide  thicknesses  for  the 
different  samples.  The  consequences  of  this  effect  on  the 
TEM  investigations  can  be  seen,  for  example,  by  comparing 
the  stacking  fault  images  obtained  for  samples  B and  C 
(Figures  2a  and  2b)  . 

The  stacking  faults  are  nucleated  at  a depth  of  about  600$ 
with  a distribution  center  near  to  the  cesium  profile  peak 
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(see  bar  in  Figure  5)  . During  oxidation  they  grow  to  their 
final  size  of  0.45  fim  diameter..  The  shape  of  the  stacking 
faults  is  completely  circular  until  they  reach  the  Si-SiC>2 
interface.  At  the  interface  part  of  the  fault  is  cut  off 
by  the  growing  oxide  film.  In  the  case  of  sample  B,  the 
stacking  fault  size  after  oxidation  is  larger  than  a semi- 
circle. In  the  case  of  sample  C,  where  the  Si-SiCh  inter- 
face penetrates  deeper  into  the  silicon  crystal,  the 
stacking  faults  are  smaller  in  size  compared  to  a semicir- 
cle. 
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Nucleation  and  density  of  stacking  faults  is  expected  to 
depend  on  the  amount  of  damage  produced  through  ion  im- 
plantation. Stacking  faults  are  observed  in  the 
1 0,4Cs+/ cm2  and  higher  implanted  samples,  whereas,  in  the 
10,3Cs+/cm2  implanted  sample,  stacking  faults  are  absent. 
The  formation  of  stacking  faults  is  related  to  the  forma- 
tion of  a homogeneous  amorphous  layer  produced  in  the 
silicon  surface  as  a result  of  the  ion  implantation.  The 
critical  amorphizing  dose  for  a 200  kV  cesium  implantation 
in  silicon  is  not  exactly  known.  TEM  investigation  of 
samples  as  implanted  reveal  that  a dose  of  5 * 10,3Cs+/cm2 
already  it,  sufficient  to  obtain  a complete  amorphous  layer 
below  the  Si  surface.  Once  the  amorphous  dose  is  reached 
or  exceeded,  stacking  faults  are  nucleated  within  the 
damage  region  during  annealing.  At  such  high  implantation 
doses,  damage  production  is  practically  saturated.  This 
explains  the  slight  increase  in  fault  density  observed  for 
samples  B and  C. 
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The  second  type  of  defect  revealed  by  the  transmission 
electron  microscope  are  vacancy  clusters  of  a size  up  to 
40$  diameter.  The  void-like  nature  of  this  type  of  defect 
is  confirmed  by  two  independent  electron  microscope  expe- 
riments. To  our  knowledge  this  is  the  first  time  that 
voids  (which  are  well  known  in  metals)  are  observed  in  ion 
implanted  and  annealed  silicon  samples. 


Usually  TEM  specimens  are  etched  from  the  backside  to  the 
surface.  Hence,  a layer  of  perfect  crystalline  silicon 
overlays  the  region  of  residual  damage  after  annealing. 

In  thick  areas,  small  point  defect  clusters  produce  only 
weak  or  no  diffraction  contrast.  During  the  present  in- 
vestigation most  of  the  perfect  crystalline  layer  on  top 
of  the  damaged  region  was  oxidized  and  successively  re- 
moved by  HF.  This  fortunate  circumstance  explains  why 
voids  are  easily  detected  in  our  samples.  It  is  reasonable 
to  expect  that  void  density  increases  linearly  with  dose. 
The  different  thickness  of  the  removed  Si  top  layer  in  our 
samples  is  the  reason  for  the  nonlinear  increase  in  void 
numbers  with  dose  as  observed  in  our  experiments. 

The  density  of  voids  increases  with  implantation  dose  in 
samples  A and  B,  whereas  the  highest  implanted  sample  C has 
a density  in  between.  This  deviation  from  an  expected 
steady  increase  of  defect  density  with  dose  is  due  to  the 
fact  that  in  the  case  of  sample  C only  a small  part  of  the 
voids  originally  present  in  the  silicon  could  be  seen. 
Stereo  micrographs  show  that  the  voids  are  created  in  the 
highest  damaged  region  of  the  silicon  crystal.  This  layer 
extends  from  its  center  at  or  just  below  the  cesium  profile 
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peak  300$  in  either  direction.  As  can  be  seen  from  Figure 
5,  the  defect  layer  is  completely  within  the  silicon  for 
samples  A and  B.  In  the  case  of  sample  C,  however,  most  of 
this  layer  is  converted  by  thermal  oxidation  into  silicon- 
dioxide.  Only  the  deepest  part  of  this  layer  is  still 
available  for  TEM  investigation. 

/ 

The  damage  induced  enhanced  oxidation  rate  also  has  an 
impact  on  the  visibility  of  the  third  type  of  defect  ob- 
served after  cesium  implantation  and  high  temperature 
treatment.  Transmission  electron  micrographs  of  samples 
with  deeper  implanted  cesium  distributions  (350  kV)  show 
dislocation  loops.  These  loops  are  located  underneath  the 
silicon  surface  in  front  of  the  highly  damaged  region. 

They  are  formed  during  the  heat  treatment  provided  that  a 
homogeneous  amorphous  silicon  layer  is  present  after  im- 
plantation. In  sample  A the  amorphizing  dose  is  not 
reached,  whereas  in  sample  C the  critical  silicon  layer  is 
already  oxidized.  Only  in  sample  B the  dislocation  loops 
are  visible  at  the  silicon  surface  after  preferential 
etching  of  the  silicon  surface. 

At  high  implantation  doses  (1014  and  10,5Cs+/cm2)  intersti- 
tial clusters  are  formed  since  the  outer  regions  of  the 
collision  cascades  overlap15*17*.  These  interstitial  clus- 
ters act  as  nucleation  centers  for  stacking  faults.  The 
Frank  partial  dislocation  which  bounds  the  extrinsic 
stacking  fault  is  well  known  to  act  as  a sink  for  intersti- 
tials because  of  its  strain  field.  Therefore,  the  stack- 
ing faults  grow  during  the  heat  treatment  at  the  expense  of 
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the  silicon  interstitial  supersaturation  in  the  highly 
damaged  region. 

In  the  less  damaged  region  between  the  silicon  surface  and 
the  stacking  fault  nucleation  centers,  the  silicon  in- 
terstitials lead  to  the  formation  of  the  circular  disloca- 
tion loops. 

The  size  of  the  voids  is  somewhat  dependent  on  implanta- 
tion dose.  The  reasons  for  this  are  not  apparent.  Two 
possible  considerations  can  be  mentioned.  The  first  con- 
sideration is  that  in  spite  of  the  presence  of  a sink  for 
the  interstitials,  the  silicon  interstitials  recombine 
partially  with  vacancy  clusters.  This  would  explain  the 
small  size  of  only  10$  for  the  voids  found  in  the 
10nCs+/cm2  implanted  sample  where  stacking  faults  do  not 
act  as  interstitial  sinks.  The  second  possibility  is  that 
for  higher  irradiation  doses  the  overlap  of  areas  occupied 
by  defect  clusters,  as  observed  by  several  authorsl8’,9), 
becomes  more  probable. 

Defects  and  Minority  Carrier  Lifetime: 

This  section  discusses  the  impact  of  the  defects  on  minor- 
ity carrier  lifetime.  The  following  estimate  is  limited 
to  sample  A where  vacancy  clusters  of  about  10&  diameter 
are  the  only  defects  observed  after  cesium  implantation 
and  successive  anneal  and  oxidation  treatment.  The  life- 
time of  holes  tp  within  a reversed  biased  depletion  region 
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Here  vu,  = (3  kT/m)  */2  is  the  thermal  velocity  of  the  carri- 
ers. At  room  temperature  vu,  * 107  cm/sec  for  electrons  and 
holes  in  silicon.  op  is  the  capture  cross-section  and  Nt 
the  density  of  the  recombination  centers. 


Only  those  centers  whose  energy  level  Et  is  near  the  in- 
trinsic  Fermi  level  Ej  contribute  significantly  to  the 
generation  rate.  Minority  carrier  lifetime  r increases 
exponentially  when  the  energy  level  moves  away  from  the 
middle  of  the  gap  in  either  direction.  Schulz2*  has  deter- 
mined deep  trap  levels  of  ion  implanted  impurities  in 
silicon  by  Schottky  barrier  capacitance  voltage  measure- 
ments. For  implantation  of  alkali  elements  in  silicon  two 
donor  levels  were  always  observed.  The  upper  donor  level 
is  located  between  0.25  and  0.28  eV  from  the  conduction 
band  and  is  related  to  the  radiation  damage  induced  by  the 
ion  implantation.  The  lower  donor  level  moves  to  a posi- 
tion from  0.35  to  0.5  eV  from  the  valence  band  with  the 
increasing  mass  of  the  implanted  element  taken  from  the 
series  of  group  1 in  the  table  of  elements.  For  cesium, 
the  impurity  related  level  is  located  at  0.5  eV  from  the 
valence  band  while  the  radiation  damage  level  is  located 
at  0.28  eV  from  the  conduction  band.  According  to  Table  1 
the  density  of  voids  in  the  10,5Cs+/cm2  sample  is 
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108  - 10,0cm*2.  From  this  data  a maximum  concentration  of 
10,s  voids  per  cm3  within  the  layer  thickness  of  about  1000& 
investigated  is  calculated.  The  capture  cross-section  is 
assumed  to  be  of  the  order  of  the  size  of  the  voids;  i.e. , 
10-,4cm2.  With  these  data  a minority  carrier  lifetime  of  340 
Msec  is  calculated  for  the  0.28  eV  donor  level.  This  means 
if  this  recombination  center  is  related  to  the  voids,  a 
density  of  10*3cnr3  has  only  a negligible  effect  on  minority 
carrier  lifetime.  Such  an  influence  is  less  than  the  im- 
pact of  recombination  centers  which  are  introduced  by 
processing  and  which  are  also  present  in  the  unimplanted 
part  of  the  wafer.  If  we  associate  the  vacancy  clusters 
with  the  0.5  eV  level,  a value  of  0.07  Msec  for  r is  calcu- 
lated for  the  0.28  eV  donor  level.  This  is  more  than  two 
orders  of  magnitude  higher  than  the  values  measured.  Even 
for  this  case,  which  is  very  unlikely,  the  density  of  the 
defects  is  too  low  to  reduce  the  minority  carrier  lifetime 
to  a level  to  agree  with  the  experimental  data.  From  such 
calculations  it  follows  that  the  reduction  of  t after  low 
dose  cesium  implantation  is  strictly  controlled  (by  at 
least  96.5%)  by  the  properties  of  the  cesium  impurity.  The 
vacancy  clusters  generated  by  the  implantation  have  only  a 
minor  effect,  if  any  at  all,  on  lifetime. 

The  effect  of  the  cesium  on  the  lifetime  of  holes  in  sili- 
con is  comparable  to  the  effect  achieved  by  the  addition  of 
gold.  In  n-type  silicon  the  lifetime  of  holes  is  reduced 
to  a value  of  2 * 10-10  sec  by  a gold  concentration  of  about 
10,7cnr3  20).  The  cesium  distribution  can  be  approximated  by 


a rectangular  profile  within  the  implanted  layer  of  about 
600&  thickness.  From  this  an  average  concentration  of 
about  1.7  x lOl*Cs+/cm3  is  calculated  for  the  10‘3Cs+/cm2 
implantation  dose.  This  would  mean  that  about  6%  of  the 
implanted  cesium  is  acting  as  recombination  center  in 
comparison  to  gold  if  the  capture  cross-sections  for  cesi- 
um and  gold  are  similar. 

Besides  acting  as  recombination  center,  cesium  also  cre- 
ates a donor  center  in  silicon.  From  the  high  frequency  CV 
curves  a donor  concentration  of  1.6  x I017cm*3  is  calculated 
for  the  sample  implanted  with  1 x io13  Cs+/cm2  5).  For  the 
evaluation  of  the  doping  efficiency  the  spatial  depth  of 
the  electrical  measurement  has  to  be  taken  into  account. 
The  maximum  width  of  the  surface  depletion  layer  Wmax  can 
be  approximated  by  equation  (2)2,): 
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Here  n(  * 1.45  x io,0cm'3  is  the  intrinsic  carrier  concentra- 
tion in  silicon  and  = 11.7  the  relative  dielectric  con- 
stant of  silicon. 


For  a doping  density  of  ND=  1 .6  x i o17  cm*3  a maximum  deple- 
tion layer  width  of  825&  is  calculated  according  to  equa- 
tion (2) . This  means  that  the  cesium  distribution  is  al- 
most entirely  within  the  depletion  layer  measured  and 
contributes  to  the  space  charge  capacitance.  The  average 
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cesium  concentration  for  the  10,3Cs+/cm2  implanted  samples 
within  this  layer  is  1.2  * 10,8cm'3.  Thus,  about  13X  of  the 
cesium  implanted  is  in  an  ionized  state  acting  as  donor 
center  in  silicon. 


For  the  10,4Cs+/cm2  implanted  sample,  a donor  density  of 
3 x 10,8cm-3  is  determined  from  CV  measurements.  According 
to  equation  (2)  the  maximum  depletion  layer  width  Wm.«  is 
21  oR  for  this  donor  concentration.  The  average  cesium 
concentration  in  this  layer  width  is  about  half  of  the 
maximum  cesium  concentration.  With  a doping  efficiency  of 
12X,  a donor  concentration  No  of  1 x 10,8cm-3  is  calculated 
for  the  10,4Cs+/cm2  implantation.  As  can  be  seen  from  Fig- 
ure 5,  the  cesium  concentration  increases  from  the  silicon 
surface  to  W...  by  a factor  of  four.  It  is  known  that  donor 
centers  contribute  to  the  space  charge  capacitance  accord- 
ing to  their  concentration  multiplied  by  a distance  factor 
from  the  silicon  surface.  This  explains  that  the  average 
donor  concentration  as  determined  from  the  measured  CV 
curves  (3  * 10,8cnr3)  is  by  a factor  of  three  higher  than  the 
value  calculated  from  the  implantation  data  (1  x I0,8cnr3)  . 

The  results  for  the  doping  densities  after  cesium  implan- 
tation are  in  reasonable  agreement  with  the  measurements 
of  Schulz2)  and  of  Meyer  and  Mayer22).  Schulz  obtained  a 
doping  efficiency  of  10X  for  ion  implanted  cesium  after  an 
anneal  in  nitrogen  at  700°C.  From  Hall  measurements  Meyer 
and  Mayer  determined  the  number  of  carriers  to  be  1-4X  of 
the  implanted  cesium  concentration  for  doses  between 


4 * 10IJcnr2  to  5 * 10,4cnr2.  This  is  somewhat  lower  than  our 
result.  From  4He  backscattering  measurements  they  also 
found  that  less  than  10%  of  the  implanted  cesium  atoms  lie 
within  0.1-0.12&  of  either  tetrahedral  interstitials  or 
substitutional  lattice  locations  for  anneal  temperatures 
up  to  1100°C.  The  exact  lattice  site  could  not  be  speci- 
fied from  these  measurements  and  the  possibility  of  other 
regular  sites  cannot  be  excluded.  McCaldin,  et  al.2}), 
however,  suggested  that  donor  centers  introduced  into 
silicon  by  cesium  implantation  correspond  to  interstitial 
cesium  ions. 

For  the  10,4CsVcm?  implanted  sample  it  is  expected  that  the 
minority  carrier  lifetime  is  lower,  by  at  least  a factor  of 
ten,  as  compared  to  the  10,JCs+/cm2  implanted  sample.  This 
means  that  the  lifetime  should  be  less  than  10*n  seconds. 
This  value  is  below  the  measurement  limit  of  4 x io*M  sec- 
onds of  our  apparatus.  Therefore,  it  is  not  possible  to 
evaluate  the  effect  of  stacking  faults  on  lifetime. 

The  SIMS  measurements  of  Figure  5 show  that  in  the  case  of 
sample  B a small  part  of  the  cesium  distribution  is  already 
within  the  oxide  layer.  This  small  amount  of  cesium  at  the 
Si-Si02  interface  causes  a shift  of  flatband  voltage  Vfb  to 
-10  volts.  In  the  case  of  sample  C,  almost  half  of  the 
entire  cesium  at  the  Si-SiC>2  interface  is  within  the  oxide. 
Therefore,  it  is  reasonable  that  flatband  conditions  are 
not  reached  before  breakdown  of  the  oxide.  This  effect 
made  meaningful  electrical  measurements  on  this  sample 
impossible. 


SUMMARY 

It  is  shown  that  the  minority  carrier  lifetime  r in  silicon 
can  be  reduced  effectively  by  doping  with  cesium.  A life- 
time value  of  2.2  * 10*10  seconds  can  be  achieved  by  implan- 
tation of  10,3Cs+/cm2  at  200  keV  and  subsequent  anneal  in 
nitrogen  followed  by  an  oxidation  of  47  minutes  at  1000°C. 
The  reduction  of  r in  silicon  is  caused  by  the  cesium  dis- 
tribution which  is  stable  at  this  temperature.  In  compar- 
ison to  gold  the  efficiency  of  the  cesium  recombination 
center  is  about  6%. 

Some  of 'the  cesium  atoms  implanted  are  ionized;  thus, 
acting  as  donor  centers  in  silicon.  For  a cesium  implanta- 
tion dose  of  10,3Cs+/cm2  the  doping  efficiency  is  about  13%. 
It  increases  by  a factor  of  three  for  an  implantation  dose 
of  10,4Cs+/cm2.  This  increase,  however,  is  probably  caused 
by  an  inhomogeneous  cesium  distribution  within  the  deple- 
tion layer.  The  results  of  the  doping  efficiency  of  cesium 
are  in  agreement  with  results  obtained  by  Schulz  (10%  at 
700°C)  and  somewhat  higher  than  results  of  Meyer  and  Mayer 
(1-4%)  . 

TEM  micrographs  show  residual  crystal  defects  present  in 
the  cesium  implanted  silicon  even  after  anneal  in  nitrogen 
. and  oxidation  at  1000°C.  In  all  implanted  samples  vacancy 
clusters  of  10-  40  R in  size  are  observed.  To  our  knowledge, 
this  is  the  first  time  that  voids  (which  are  well  known  in 
metals)  are  detected  in  annealed  silicon  after  heavy  ion 
implantation.  The  voids  are  created  in  a damaged  silicon 
layer  of  60oX  thickness  at  the  position  of  the  damage  peak 
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with  its  center  near  the  cesium  ion  profile  peak.  The  size 
of  the  voids  increases  from  10  to  40i?  for  implantation 
doses  ranging  from  10n  to  10,5Cs+/cm2.  The  density  of  voids 
also  increases  with  cesium  implantation  dose.  In  the  case 
of  the  10,5Cs+/cm2  implanted  sample,  part  of  the  damaged 
silicon  is  oxidized  and  etched  off.  Therefore,  the  meas- 
ured density  is  lower  than  for  the  10,4Cs+/cm2  implanted 
sample . 

The  second  type  of  defects  observed  after  implantation  and 
high  temperature  treatment  are  extrinsic  stacking  faults 
bounded  by  Frank  partial  dislocations.  A necessary  condi- 
tion for  the  nucleation  of  stacking  faults  is  a homogene- 
ous amorphous  layer  after  implantation.  The  critical  dose 
for  the  formation  of  an  amorphous  zone  is  about 
5 x 10,3Cs+/cm2  for  a 200  keV  Cesium  implantation.  The 
nucleation  area  for  stacking  faults  is  located  within  the 
highly  damaged  silicon  layer  where  the  voids  are  formed. 
The  stacking  faults  are  circular  in  shape  and  grow  during 
anneal  and  oxidation  to  their  final  size  of  0.45  jun  diame- 
ter. The  stacking  fault  density  increases  only  slightly 
from  3.2  x 108cnv2  to  5 x 108cnr2  for  implantation  doses  of 
1014  and  1015Cs+/cm2,  respectively.  A third  type  of  defects 
are  dislocation  loops  as  revealed  by  etch  pits  at  the  sili- 
con surface  implanted  with  10,4Cs+/cm2. 

The  effect  of  vacancy  clusters  on  the  lifetime  of  holes  in 
silicon  is  calculated.  Cesium  implanted  silicon  has  two 
energy  levels  in  the  forbidden  gap.  It  is  found  that  the 
influence  of  the  upper  donor  level  located  at  0.28  eV  on 
minority  carrier  lifetime  is  less  than  the  influence  of 
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the  process  introduced  recombination  centers.  It  is  also 
found  that  with  the  0.5  eV  energy  level,  which  is  less 
likely  to  correlate  with  the  radiation  damage,  the  density 
of  the  voids  is  too  low  to  reduce  minority  carrier  lifetime 
to  the  values  measured. 

It  is  concluded  that  the  decrease  in  lifetime  achieved 
through  Cs+  implantation  is  caused  by  the  cesium  atoms. 
Thus  cesium  presents  a useful  alternative  for  device  ap- 
plications which  require  gold  as  a dopant. 
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